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Introduction 

Approximately 180,000 women will be diagnosed with breast cancer this year and 43,000 

women will die from the disease. It is the most commonly diagnosed cancer and the second 

leading cause of cancer deaths among women. Approximately 7% of breast cancers are attributed 

to the inheritance of BRCA mutations. Women who inherit a mutated copy of the BRCA2 gene 

have a 28% chance of developing breast cancer before the age of 50 and a lifetime risk that has 

been determined to be as high as 85%. In order to better understand the consequences of 

inheriting an alteration in the BRCA2 gene I proposed to develop a mouse model using gene 

targeting technology. 129^*'"'"=*^"^ deficient mice were created with a targeted mutation in exon 10 

of the endogenous mouse Brca2 gene. The study objectives for the use of these mice were to: (a) 

assess differences in normal and neoplastic growth control in mice carrying one or two defective 

copies of the BRCA2 gene, (b) determine the cancer risks of radiation exposure in mice with 

BRCA2 defects, and (c) study the effect of carrying defects in two tumor suppressor genes by 

mating BRCA2-deficient mice with transgenic mice that carry a mutarit copy (Alal35Val) of the 

p53 tumor suppressor gene. These studies were designed to understand potential gene- 

environment and gene-gene interactions. It was of particular interest to study germline Brca2 

mutations in association with radiation, a known breast carcinogen, and a mutated p53 gene, 

which when inherited also predisposes women to breast cancer development. 
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Body 

Specific Aim 1: 

Development of a Brca-2 deficient mouse 
As described in the 1999 Annual Report, this aim of the proposal has been completed. As 

described in the 2000 Annual Report these mice have been used to address the objectives 
proposed in the originally submitted grant application, as well as other studies. 

Specific Aim 2: 

Information Described in the 2001 Annual Report 

1. It was determined that Brca2-null mice on the BALB/c genetic background die at embryonic 
day 10.5, two days later than on the 129/SvEv background 

2. The two-year study to evaluate the response of several inbred mouse strains to mammary 
tumor induction by low-level radiation has been completed. The tissues from C57BL/6NCI, 
BALB/cJ, C3H/HeNCI, SWR/J, and FVB/N inbred mouse strains are being evaluated. 

3. The two year final sacrifices began in the fall of 1999 and there were less than 10 mice left to 
be sacrificed. Gross pathology had not been observed that distinguished mice with and 
without a Brca2 mutation. Conclusions have been made on the pathology and diagnosis has 
been completed. Manuscript is being prepared for submission. 

Current and Extended Results 

Animals 
All the animals that were used in these experiments have been euthanized. There are no 

living animals left to be euthanized for this study. The animals are represented by tissues and 
mammary gland whole mounts preserved for microscopic and macroscopic analysis. 

Radiation induced mammary tumorigenesis in inbred mouse strains 
The data for this portion of the aim have been collected. An application for the transfer of 

the remaining funds for this proposal has been submitted to the DOD in addition for a request for 
a one-year no-cost extension. A manuscript is being prepared describing the effects of whole 
body radiation in the C3H/HeNCI, C57BL/6NCI, FVB/N, BALB/cJ and SWR/J inbred mouse 
strains, (attached) 

Does radiation exposure of 12^*"^""'^-> mice increase their risk for mammary tumor induction? 
Some slides have been prepared and are waiting pathological evaluation and diagnosis by 

John Seely and Barb Davis (NIEHS). From there we will be able to perform statistical analyses 
and determine if there are any differences among the treated and control groups with and without 
a Brca2 mutation. At the current time there is no evidence for increased risk to the 129<*"™2-' 
mice. 
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Specific Aim 3: 

Reported in the 2000 and 2001 Annual Reports 
1.   To date, we have not observed an increased incidence of mammary tumors in the 

FVB129Fl(^'«-n FVB129Fl<«'^^™'^-n or FVB129F1*^^""«^-) compared to one another or the 
wild type FVB129F1<^'^^ littermates. In addition, no other gross pathology, apparent at 
necropsy, distinguishes the genotypic classes. Partial or full necropsies were performed on 
the mice that became moribund during the course of the experiment. All the tissues from the 
mice are being processed for routine histology 

Current Status 
The fourth abdominal mammary glands have been stained and mounted to slides for 

morphologic assessment. 

Specific Aim 4: 

Information Described in the 2000 and 2001 Annual Reports 
The Brca2 mutation was made congenic on the BALB/c genetic background. BALB/c 

mice are susceptible to radiation-induced mammary tumorigenesis and radiation-induced 
changes in mammary ductal morphology after relatively low exposures. 

Summary: 
The work proposed in this grant application is completed. We have data on the many 

animals that were included in Specific Aims 2 and 3. However, because there has been no 
funding for this proposed work since early September 2000 final or re-analyses of tissue has not 
been completed. As a result data have not been fully collected or analyzed. The study of the 
inbred mouse strains has been completed without being funded. The remainder of the work on 
this grant may be completed depending on the availability of personal time. There are no funds 
to cover any additional work. 
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Key Research Accomplishments 
The funding for this grant was stopped in September 2000. Dr. Michelle Bennett, in 

keeping with the philosophy of the DOD's postdoctoral training grant mechanism, secured an 
independent position in which she is currently trying to establish herself as an independent 
investigator in the field of Breast Cancer Research. Upon her move to Lawrence Livermore 
National Laboratory (LLNL) to begin her new position she was informed by the US AMRMC she 
could apply to have the funds remaining from her postdoctoral training grant transferred to 
LLNL. Dr. Bennett completed and submitted the required paperwork in December of 2000. 

At this time Dr. Bennett was advised to submit a request for a no-cost extension because 
the process of review for the transfer of funds might take several months. Dr. Bennett submitted 
a request for a no-cost extension for this study in December 2000. 

In April 2001 Dr. Bennett inquired about the status of the potential transfer of funds and 
was told that all the required documentation was in the hands of the DOD except for a copy of 
the current Institutional Animal Care and Use Committee approved Animal Protocol for the 
funded study. Dr. Bennett explained that she had submitted the Approved Animal Protocol that 
covered the use of all animals in the study which originated at NIEHS, NIH where she did her 
postdoctoral training. All Animals in the study were housed and sacrificed at NIEHS. All 
animals were sacrificed before Dr. Bennett's move to LLNL. As a result, there were no animals 
for which to prepare an animal protocol for the Institutional Animal Care and Use Committee at 
LLNL. Dr. Bennett did not seek approval for the use of the animals that were used in this study 
because there were no live animals left in the study. 

Very little has been done for this study in the last 2 years. The final analyses, data 
collection and enclosed manuscript have been completed on Dr, Bennett's personal time. 

List of Reportable Outcomes 
Papers 

Brca2-Nu\\ Embryonic Survival is Prolonged on the BALB/c Genetic Background. L. Michelle 
Bennett, Kimberly A. McAllister, Pamela E. Blackshear, Jason Malphurs, Gina Goulding, N. 
Keith Collins, Toni Ward, Donna O. Bunch, Edward M. Eddy, Barbara J. Davis, and Roger W. 
Wiseman. Molecular Carcinogenesis, 28:174-183, 2000. 

Mice heterozygous for a Brcal or Brca2 mutation display distinct manmiary gland and ovarian 
phenotypes in response to diethylstilbestrol. L. Michelle Bennett, Kimberly A. McAllister, Jason 
Malphurs, Toni Ward, N. Keith Collins, John C. Seely, Lori C. Gowen, Beverly H. Roller, 
Barbara J. Davis, and Roger W. Wiseman. Cancer Research, 60: 3461-3469,2000. 

In addition a paper that used the C57BL/6 strain congenic for the Brca2 mutation was published: 
Mammary Tumor Induction and Premature Ovarian Failure in Ape"'" Mice are Not Enhanced by 
Brca2 Deficiency. Bennett, L.M., McAllister, K.A., Ward, T., Malphurs, J., Collins, N.K„ Seely, 
J.C., Davis, B,J., and Wiseman, R.W.. Toxicologic Pathology, 29: 117-125, 2001. 

Funding Applications 
Dr. Bennett was funded for one grant in which in which data obtained from this funded study 
were included in the preliminary data section. 
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1.   Grant application to tlie California Breast Cancer Research Program January 11, 2001. Dr 
Bennett was funded for this project. 

Conclusions 
A mouse that is heterozygous for a Brca2 mutation has been developed on the BALB/c, 129 and 
C57BL/6 genetic backgrounds. Strain 129 mice that inherit a mutated copy of Brca2 do not 
appear to be predisposed to an increased incidence of spontaneous or radiation-induced 
mammary tumors compared to wild type controls. When two copies of the Brca2 mutation are 
inherited on thel29 or a mixed 129 and C57BL/6 background the embryos die at d8.5 gestation. 
BALB/c mice diat have inherited two mutant copies of Brca2 are also embryonic lethal. 
However, we have determined that the day of death is prolonged to dlO.5 on the BALB/c 
background. 

References 
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Abstract 

Numerous mouse models are being developed on an array of inbred genetic backgrounds to 

study the impact of genetic changes on normal and neoplastic development. We designed a study 

to compare the patterns of mammary ductal morphology and tumor susceptibility among inbred 

mouse strains commonly used for the development of transgenic and gene-deficient models as 

well as for carcinogenesis studies. The inbred strains BALB/cJ, SWR/J, FVB/N, C57BL/6N, and 

C3H/HeN mice were left untreated or exposed to a single 0.3 Gy dose at 5 weeks of age. Mice 

were sacrificed at 2, 3,6,9, and 12 months of age for the evaluation of mammary ductal 

morphology, and at 24 months or when moribund for tumor development. The mammary ductal 

branching pattern and tumor susceptibility characteristics were unique for each inbred mouse 

strain examined. B ALB/c and SWR were sensitive to radiation-induced mammary tumorigenesis 

with incidences of 27% and 58%, respectively. The mammary glands from radiation-exposed 

BALB/c mice were characterized by complex branching, ductal dilation, and occasional 

galactocele formation and were associated with mammary tumor sensitivity. FVB mice 

responded to radiation exposure with a dramatic inhibition of mammary ductal side-branching 

and alveolar bud formation and did not display a change in tumor susceptibility. C3H was highly 

sensitive to radiation-induced ovarian tumor development with an incidence of 95%. Genetically 

modified mice can provide useful models for the effects of environmental exposures, lifestyle, or 

tumor prevention strategies on human cancer risk. Their use as models for mammary and ovarian 

carcinogenesis models is enhanced by understanding strain-specific characteristics of normal and 

neoplastic changes in mammary ductal development and tumorigenesis. 



Introduction 

Genetically modified mouse models for human cancer development are being developed 

at an extraordinary pace. These mouse models are being used to study tumor progression, 

metastesis, and prevention, as well as to define the mechanism(s) of action of the particular gene 

or molecular pathways being investigated. It is well established that inbred mouse strains have 

different susceptibilities to spontaneous and carcinogen-induced tumorigenesis. Variation among 

inbred mouse stains provides a powerful approach to study environmental and genetic factors 

that may modify the risk of carcinogenesis in genetically modified animals as well as to identify 

appropriate inbred strain backgrounds for the study of genetic alterations. 

Radiation is one of the most studied human carcinogens and is one of the few known 

environmental risk factors for breast cancer (1). Japanese atomic bomb survivors, women who 

were treated for Hodgkin's disease in their youth, and patients who underwent fluoroscopic 

examinations for tuberculosis and other indications have an elevated risk of breast cancer (2-5). 

The increase in breast cancer risk remains constant for at least several decades beginning five to 

ten years after radiation exposure (3). Thus, radiation induces damage that can persist until a 

permissive microenvironment is established and tumor promotion and progression can proceed. 

The biologic effects of radiation exposure include cell cycle arrest or apoptosis, gene expression 

changes, alterations in microenvironment, and the induction of chromosomal breakage that can 

cause duplications, deletions, or translocations (6-11). 

Mice have been used to evaluate radiation exposure effects and have been used for risk 

assessment and extrapolation to humans (11-13). Mouse studies clearly demonstrate that genetic 

background is a critical variable in survival and tumorigenesis after radiation exposure. Inbred 

mouse strains display different mean survival times after exposure to daily doses of radiation 



(11,13). For example, female 129/J and SJL/J mice survive longer and are among the more 

resistant, whereas the BALB/c, SWR, and C3H strains are more sensitive (11,12). Radiation- 

induced tumorigenesis has been examined in several radiation-sensitive and -resistant inbred 

mouse strains (12,14). BALB/c mice are relatively susceptible to radiation-induced mammary 

and lung tumors, CBHf/Bd mice are susceptible to radiation-induced mammary, ovarian, and 

liver tumors, whereas C57BL/6 mice are relatively resistant to radiation-induced tumorigenesis 

(12,14). 

There is strong precedent for the use of inbred mouse strains that are more and less 

susceptible to tumor induction to identify both tumor susceptibility genes as well as genetic 

modifiers (15,16). For example, the liver tumor sensitive C3H and DBA and several resistant 

strains including C57BL/6 were used to map the hepatocarcinogen sensitivity loci (17,18). 

Crosses between ApcMin and AKR mice led to the identification of the intestinal tumor modifier 

Mom-1 (15) and crosses to other inbred mouse strains revealed mammary and ovarian tumor 

modifiers in Ape mutant mouse models (19,20), 

Knowledge about the responses of inbred mouse strains to radiation exposure is critical in 

the context of understanding the genetics of susceptibility, interactions between genetic 

background and environmental exposure, and inbred strain background contributions in 

genetically engineered mouse models. Radiation-induced genetic damage is of particular interest 

since several cancer susceptibility genes are involved in DNA repair or are influenced by 

radiation exposure (21). In this report, radiation-induced alterations in mammary ductal 

branching patterns and tumorigenesis were examined in five inbred mouse strains. 



The consequences of low doses of radiation exposure on mammary gland development 

were inbred strain specific. The normal pattern of ductal branching and tumor susceptibility 

characteristics in untreated and treated mice are unique for each inbred mouse strain examined. 

Materials and Methods 

Mice 

Female BALB/cJ (BALB/c) and SWJl/J (SWR) mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME). CSH/HeN^^^NCI (C3H), C57BL/6NCI (C57BL/6), and 

FVB/NCI (FVB) mice were purchased from Charles River Laboratory (Raleigh, NC). Mice were 

housed in plastic cages, up to four per cage, with a 12-h on-off light cycle, and fed NIH 31 diet 

(18% protein, 4% fat, 5% crude fiber; Zeigler Bros., Inc., Gardners, PA) and water ad libitum. 

Radiation Treatment 

Mice of each inbred strain were assigned to a treated group of 50 and a control group of 

40 mice. The treated group was exposed to a single radiation treatment of 0.3 Gy with a Model 

431 Cs-137 Irradiator (J.L. Shepherd and Assoc, Glendale, CA) at 35 ± 2 days of age and an 

exposure rate of 9.5 Rad/min. During the exposure the mice were held in an acrylic plastic 

container constructed so that each mouse would be in a restricted area but with adequate air 

ventilation. Groups of 3 treated and 3 control animals from each inbred strain were sacrificed at 

2, 3, 6, 9, and 12 months of age by CO2 asphyxiation, and the mammary glands and reproductive 

tracts were isolated for further whole-mount and histologic analysis. The remaining animals were 

sacrificed at 24 months or when moribund, in accordance with NIEHS animal care and use 

guidelines. At the 24-month sacrifice, the mammary glands were dissected from the pelts and all 



remaining tissues were prepared for histology. For mice sacrificed in moribund condition, the 

mammary glands were isolated, and the mice were subjected to a necropsy in which either only 

affected organs or all tissues were retained for histologic analysis. Mammary tumors were 

isolated and prepared for histology. If tumors were large enough to be divided, half was prepared 

for routine histology and the remainder was immediately frozen in liquid nitrogen. 

Whole Mounts and Histology 

Mammary ductal morphology was evaluated in whole mount preparations from untreated 

and radiation-exposed mice. Two methods were used to stain mammary glands. In the first 

method, the mammary glands were fixed on the pelts in 10% neutral buffered formalin for 18 to 

24 h, dissected and placed into histocassettes, defatted with acetone, and stained with 0-toludine 

blue, essentially as described by Russo (22). In the alternative staining method, the whole 

mammary glands were stained using carmine red (Sigma), essentially as described by Bannerjee 

et al. (23). The stained fourth abdominal mammary glands were mounted on 3-in x 2-in slides 

using Permount (Fisher Scientific) and a 35-mm x 50-mm glass cover slip. Mammary glands that 

had apparent preneoplastic or neoplastic nodules were selected for histology. The mounted 

glands were released from the Permount using xylenes and rinsed in 100% ethanol, rehydrated 

through graded alcohols, and processed for routine histology. 

At terminal necropsy, all isolated tissues were fixed in 10% neutral buffered formalin for 

24 hours, changed to 70% ethanol, processed for routine histology, and evaluated for pathology. 

Mammary gland ductal morphology 



The mammary glands from radiation-exposed and control mice were coded and graded 

for the extent of overall branching complexity on a scale of 1 (minimal complexity; simple) to 4 

(maximal complexity; highly complex) as previously described (24). The criteria for grades 

included extent of growth into the fat pad, complexity of side-branching and degree of epithelial 

density, which were reflected in the relative number of terminal end buds, lateral buds, and/or 

alveolar buds penetrating the surrounding stroma. Differences between treatment groups were 

analyzed either by Wilcoxin Rank Sum or Mann-Whitney U test (25) as previously described 

(24). 

Results 

Mammary ductal morphogenesis 

One major objective of this study was to characterize ductal branching patterns, in control 

and irradiated inbred mouse strains commonly used for carcinogenesis studies and the 

development of genetically engineered mouse models. Mammary ductal morphogenesis was 

highly mouse strain specific as characterized by the extent of overall branching complexity and 

the response to radiation. Average grades for branching complexity were determined for 

radiation-exposed and control inbred mouse strains (Table I), Whereas the combination of 

characteristics was unique for each inbred strain, some similarities were noted in irradiated and 

control mice. For all strains, proliferating terminal end buds were largely visible extending into 

the surrounding stroma at 2 months of age. By 3 months of age this process was largely complete 

and the ductal epithelium had reached the limits of the mammary fat pad. The SWR strain were 

exceptional in this respect since they retain a significant number of TEBs at three months of age 

compared to the other strains. 



Mammary ductal morphology in BALB/c inbred mice 

Mammary glands from BALB/c mice initially responded to radiation exposure with a 

mild inhibition of side-branching and alveolar bud formation. This effect was visible in treated 

mice at 3 and 6 months of age (Figure 1) and is reflected by the mammary gland complexity 

grades (Table I). By 9 months of age, nodules were apparent in the abdominal mammary glands 

isolated from 2 of the 3 treated animals and dilated ducts were visible in all radiation-treated 

mice (Figure IC). At 12 months of age 2 of the 3 radiation-treated mice examined had severely 

dilated ducts filled with proteinaceous material (Figure IE) and galactoceles (not shown). The 

difference in ductal branching morphology between control and radiation-treated mice were 

marked. The mammary glands isolated from 12 month-old radiation-exposed mice displayed 

increased complexity that was characterized by budding ductules and the formation of lobule- 

like structures. Additional radiation-induced histologic alterations included mild galactophoritis, 

glandular differentiation and minimal ductular and alveolar atypical hyperplasia. 

Mammary ductal morphogenesis in FVB mice 

In contrast to BALB/c, FVB mice responded to radiation exposure widi a marked 

reduction of ductal branching and alveolar bud formation. This altered morphology was first 

apparent at 2 months of age and more dramatic differences between control and exposed mice 

were observed at 3 months of age (Figure 2). The average ductal morphology grades between 

control and irradiated mice examined at 6 months of age did not differ significantly. However 

significant differences did exist in mammary ductal branching patterns between treated and 

untreated mice examined at 9,12 (Table I) and 15 month timepoints (Figure 2C and 2D). 



Mammary ductal morphogenesis in C57BLI6 mice 

Overall, the mammary ductal branching pattern was less complex in C57BL/6 mice than 

the other strains evaluated in this study (Figure 3). The ductal branching pattern did not differ 

between the control and radiation-exposed mice at all timepoints examined. At two months of 

age the ductal branching pattern was characterized by relatively few side-branches emanating 

from the long primary ducts. This branching pattern was remained essentially unchanged at 

every timepoint examined and no differences were observed between radiation treated and 

untreated mice (Table I). 

Mammary ductal morphogenesis in SWR mice 

At 2 and 3 months the mammary glands from control and irradiated SWR mice displayed 

elongated ducts with terminal end buds, but little side-branching or alveolar bud formation (data 

not shown). In contrast to other strains, TEBs were still present at 3 months and the mammary 

epithelium had not yet reached the limits of the fat pad (Figure 4). However, by six months of 

age, the ducts of both treated and control mice had numerous side-branches and were decorated 

liberally with alveolar buds. In general, cells were piled into disorganized layers around the 

lumen of the mammary gland. The morphology observed in the 6-month old mice persisted until 

the end of the 2-year study period for both treatment groups. Histological analysis revealed a 

dense pattern of epithelial cells lining the lumen of the mammary ducts at 9 months of age. The 

mammary glands of radiation-exposed mice were characterized by subtle increases in ductal and 

alveolar bud formation. However, no overall differences in average grade of ductal branching 

were observed between control and exposed mice at any timepoint examined (Table I). 



Mammary ductal morphogenesis in C3H mice 

A complex mammary ductal architecture was observed in the mammary glands of C3H 

mice as early as 3 months. At 2 months of age terminal end buds were visible (Figure 5A and 

5B), side branches had formed, and alveolar buds were apparent on the elongated ducts in both 

radiation treated and untreated mice: However the complexity of branching was less in the 

radiation treated group. In contrast to the relatively simple branching pattern at 2 months, the 

mammary ducts of control and exposed mice were highly complex at 3 months of age and were 

characterized by numerous side branches and alveolar buds emanating from the ductal network 

(Figure 5C and 5D), Similar patterns were observed at the six month and later timepoints (Table 

I). 

Radiation-induced tumorigenesis 

Another objective of this study was to identify inbred mouse strains that were sensitive 

and resistant to organ-specific tumorigenesis. The five inbred mouse strains evaluated in this 

study differed in their susceptibility to radiation-induced and spontaneous mammary 

tumorigenesis. BALB/c and SWR mice were the most sensitive strains to radiation-induced 

mammary tumorigenesis, with tumor incidences of 27% and 58%, respectively (Table II). SWR 

mice were also the most sensitive to spontaneous mammary tumor development. In contrast, the 

C57BL/6, FVB, and C3H strains were relatively resistant to radiation-induced mammary 

tumorigenesis. 

Manunary tumors were evaluated using the Annapolis criteria (26) and the primary 

histological patterns differed substantially between SWR and BALB/c mice. All but two of the 

mammary tumors from treated and control SWR mice were characterized as solid carcinomas 
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with fibrosis (Figure 6A). In contrast, radiation-treated BALB/c mice developed a diverse 

spectrum of mammary tumors that included three glandular (Figure 6B), three papillary (Figure 

6C), two adenosquamous and one acinar carcinoma. Both tumors from untreated BALB/c mice 

were glandular carcinomas. 

The five inbred mouse strains evaluated in this study differed in susceptibility to 

radiation-induced ovarian tumor development (Table II). The C3H strain was extremely 

susceptible to radiation-induced ovarian tumorigenesis with an incidence of 95% and this 

sensitivity was paralleled by a relatively high spontaneous ovarian tumor incidence of 20%. The 

remaining inbred strains were relatively resistant to spontaneous and radiation-induced ovarian 

tumorigenesis (Table II). The ovaries of radiation-exposed and control mice were compared 

histologically at the 3, 6, 9, and 12-month timepoints. In all cases mature follicles were present in 

both the radiation and control groups and the mice were ovulating. Radiation exposure did not 

inhibit the ovarian function that is required for ductal morphogenesis in the mammary gland. In 

general, radiation-exposed mice had fewer primary follicles than those of controls, which 

contributed to premature ovarian failure in all the inbred mouse strains examined in this study. 

Lung and liver tumor development was evaluated in ttie animals that were sacrificed at 

the end of the 2-year period. Radiation-exposed C3H mice developed liver tumors with 59% 

incidence (10 of 17 examined) compared to 21% incidence (3 of 14 examined) for the controls. 

Lung tumors occurred in the radiation exposed SWR mice examined with an incidence of 100% 

(7 of 7 mice examined) and 38% (5 of 13 examined) in radiation-exposed BALB/c mice, 

compared to 50% (6 of 12 examined) and 24% (4 of 17 examined) for their untreated controls, 

respectively. These results are consistent with previous studies comparing chemically induced 

careinogenesis in these inbred mouse strains (16). For example C3H mice are highly sensitive to 
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chemically induced hepatocarcinogenesis and SWR mice are among the most susceptible to 

chemically induced lung tumor development (16). 

Long-term survival in radiation-exposed and control mice 

Survival curves were generated for the radiation-exposed and control mice in each of the 

strains examined (Figure 7). Mice sacrificed at interim time points for the isolation of mammary 

glands were not included in this analysis. Overall, the radiation-exposed BALB/c and SWR 

strains displayed a reduction in time to tumors, and more specifically to mammary tumors, 

relative to the untreated controls. There was an initial decline in survival for the control and 

radiation-exposed FVB mice at 5 to 6 months of age. These deaths were likely the result of the 

well-documented lethal epileptic syndrome in FVB mice that may have been exacerbated by the 

radiation exposure (27). Irradiated C57BL/6 mice began developing dermatitis about 4 months 

earlier than the untreated controls. The severity of dermatitis required the sacrifice of many 

C57BL/6 mice before the 24-month timepoint. The overall trend in survival actually appeared 

slightly improved for C3H mice exposed to radiation compared to untreated controls in spite of 

the high ovarian tumor incidence in the treated animals. The basis for this observation has not 

been determined. 

Discussion 

We provide for the first time a comprehensive comparison of normal mammary gland 

morphogenesis among commonly used inbred mouse strains and the consequences of relatively 

low-dose radiation exposure on mammary gland development and tumorigenesis. Low-level 

radiation exposure dramatically alters mammary ductal branching morphology in the BALB/c 
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and FVB inbred mouse strains. Radiation exposure induces a high incidence of mammary tumors 

in SWR and BALB/c females and ovarian tumors in C3H mice. Radiation-induced inhibition of 

ductal branching was initially apparent at three months in both BALB/c and FVB mice and this 

phenotype persisted in treated FVB mice. However, the mammary ducts in the glands of BALB/c 

mice, in response to radiation, displayed increased branching beginning at 9 months with 

severely dilated ducts, lobule-like structures, and ductule proliferation apparent at 12 months. 

These radiation-induced alterations in ductal morphology in BALB/c mice were associated with 

susceptibihty to radiation-induced mammary tumorigenesis. In contrast, the radiation-induced 

inhibition of ductal branching in the FVB mice did not result in increased susceptibility to 

mammary tumorigenesis. Although SWR mice are sensitive to radiation-induced mammary 

tumorigenesis, no differences in mammary ductal branching patterns were observed between 

treated and control mice. The relative susceptibilities of the inbred strains to radiation-induced 

mammary carcinogenesis were: SWR > BALB/c > FVB, C57BL/6, C3H. The high susceptibility 

of SWR and BALB/c mice to spontaneous and/or radiation-induced mammary tumorigenesis 

may make these strains valuable for the identification of modifier genes that influence mammary 

cancer risk. In addition, these mouse strains may be attractive to investigators interested in 

developing gene-targeted and transgenic mice on genetic backgrounds that are susceptible to 

radiation-induced changes in mammary ductal morphogenesis and tumor susceptibility. 

A polymorphism in the DNA-dependent protein kinase catalytic subunit gene has been 

identified in BALB/c mice and is associated with a reduced DNA repair capacity and an 

increased susceptibility to mammary tumorigenesis (28,29). This genetic variation may 

contribute to the severe radiation-induced ductal dilation, galactocele formation, and 

proliferation observed in this strain. Radiation appears to act as a complete carcinogen for 
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mammary tumorigenesis in BALB/c mice. Neoplastic and non-neoplastic alterations in the 

mammary gland may be a consequence of the reduced DNA repair capacity of this strain. A 

more efficient DNA repair capacity of FVB inbred mice may explain how radiation inhibits 

ductal morphology without the associated damage months after exposure, as is evident in the 

BALB/c strain, 

C3H mice are highly sensitive to radiation-induced ovarian tumorigenesis compared to 

the other inbred strains studied. The relative susceptibilities of the inbred strains to radiation- 

induced ovarian carcinogenesis was: C3H » BALB/c, FVB, SWR, C57BL/6. The 0.3 Gy 

radiation dose used in this study did not inhibit ovulation in any of the mice examined and as a 

resuh would not be expected to interfere with mammary ductal morphogenesis. However, 

radiation exposure was associated with a depletion of primordial follicles and premature ovarian 

failure in all inbred strains. Oocytes are relatively resistant to radiation-induced damage at birth, 

maximally susceptible at approximately 21 days, and become more resistant again in the adult 

mouse (30,31). The premature loss of follicles from the ovary and altered hormonal feed back in 

combination with the C3H genetic background appears to contribute to the dramatic increase in 

ovarian tumors in this inbred strain (30,31). 

Ovarian tumor susceptibility has been studied in several inbred mouse strains. For 

example, C3H mice are sensitive to both spontaneous and chemically induced ovarian tumors 

(31,32) whereas C57BL/6 and BALB/c mice are relatively resistant (31). Young SWR mice 

develop a low incidence of spontaneous granulosa cell tumors (33,34) and have been proposed as 

a model for a juvenile onset ovarian tumor syndrome in humans. Genetic mapping studies 

suggest this trait is controlled by up to four loci in crosses with SWR mice (35). Radiation 
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treated (BALB/c x C57BL/6)Fl-Apcl638N developed ovarian tumors whereas Fls from crosses 

with other inbred strains did not (20). 

Inbred mouse models with known responses to environmental exposures associated with 

human cancer risk are indespensable for examining the effects of age, reproductive history, 

timing of exposure, as well as strategies to prevent breast cancer. Strains demonstrating 

phenotypic extremes can be used to understand the impact of genetics in combination with 

environmental expousre that would be extremely difficult to detect in epidemiologic studies. 
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Figure 1. Mammary ductal morphogenesis in radiation exposed and control BALB/c mice. 

Mammary glands isolated from: three month (A) treated and (B) control; nine month (C) treated 

and (D) control; and 12 month (E) treated and (F) control mice. Radiation exposed mice display 

nodules and some ductal dilation at 9 months and more severe ductal dilation by 12 months. 

Figure 2. Mammary ductal morphogenesis in radiation exposed and control FVB mice. 

Mammary glands isolated from: three month (A) treated and (B) control mice and fifteen month 

(C) treated and (D) control mice. Radiation exposure results in the inhibition of complex 

branching patterns in FVB mice first evident at 3 months and persisting to 15 months of age. 

Figure 3. Mammary ductal morphogenesis in radiation exposed and control C57BL/6 mice. 

Mammary glands isolated from: three month (A) treated and (B) control mice and fifteen month 

(C) treated and (D) control mice. The simple branching pattern observed at three months is also 

evident 12 months later. 

Figure 4. Mammary ductal morphogenesis in radiation exposed and control SWR mice. 

Mammary glands isolated from: three month (A) treated and (B) control, and six month (C) 

treated and (D) conti-ol mice. At three months the ducts are still proHferating to fill out the fat 

pad as evidenced by the presence of terminal end buds. By six months of age the glands of 

treated and control mice have complex branching patterns. 

Figure 5. Mammary ductal morphogenesis in radiation exposed and control C3H mice. 

Mammary glands isolated from: two month (A) treated and (B) control, and six month (C) 
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treated and (D) control mice. The transition from simple to complex branching structures in C3H 

mice occurs rapidly. At two months terminal end buds are still present and there is a subtle 

difference in branching between treated and control glands. At six months the branching patterns 

are complex and do not differ between control and treated mice. 

Figure 6. Photomicrographs of mammary tumors from radiation exposed BALB/c and SWR 

mice. (A) Representative solid carcinoma with fibrosis from the mammary gland of a radiation 

exposed SWR mouse (50x). (B) Representative glandular (25x) and (C) papillary (50x) 

carcinomas from radiation exposed BALB/c mice. 

Figure 7. Survival curves for radiation-exposed and control inbred mice. The percent survival 

for each strain was plotted over the two-year time-period of this study. Animals sacrificed at 

interim time points were not included in this analysis. (A) BALB/cJ, (B) C57BL/6, (C) SWR/J, 

(D) C3H/He, (E) FVB/N. 
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Table I. Average Mammary Gland Complexity Grade" for Radiation 
Treated and Untreated Inbred IWouse Strains 
Strain Age (Months) 

2 3 6 9 
2.6 

12 
BALB/c Control 1.4 2.7 3.3 3.0 
BALB/c Irradiated 1.4 2.0* 2.3* 3.2 3.8* 
FVB Control 1.5 3.2 2.6 3.0 2.5 
FVB Irradiated 1.3 1.0* 2.6 2.3* 2.0* 
C57BU6 Control 1.0 1.0 1.0 1.0 1.7 
C57BU6 Irradiated 1.0 1.0 1.0 1.0 1.3 
SWR Control 1.2 1.0 3.7 3.8 3.7 
SWR Irradiated 1.4 1.7 4.0 3.7 3.7 
C3H Control 2.3 3.2 3.2 3.3 3.4 
C3H Irradiated 1.8* 3.2 2.8 3.0 3.2 
* statistically different from untreated control (Chi Square Analysis) 
^ See (24) and Materials and Methods 

Table II. Mammary and ovarian tumor incidence in untreated and irradiated 
inbred mouse strains* 
Strain IVIammarv Tumors Ovarian Tumors 

Control (%) 0.3 Gy (%) Control (%) 0.3 Gy (%) 

BALB/c 2/25    (8.0) 9/34 (27) 0/30 (0) 4/36 (11) 
SWR 7/23    (30) 19/33 (58) 0/19 (0) 1/25 (4.0) 
C57BL/6 0/19    (0) 2/30 (6.6) 3/22 (14) 2/29 (6.9) 
FVB 1/23    (4.4) 0/28 (0) 1/17 (5.9) 2/21 (9.5) 
C3H 2/22    (9.1) 1/29 (3.4) 5/25 (20) 21/22 (95) 
^Mammary tumors include adenosquamous carcinoma, adenocarclnoma, and carcinoma. Ovarian 
tumors Include adenocarclnoma, adenomas, dysgerminoma, fibroma, granulosa cell tumor, luteoma, 
sertoli cell tumor and thecoma 
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